ABSTRACT AC transmission systems are often affected by stability issues. During the design phase of such systems, their ability to cope with the various kinds of disturbance is taken into consideration, however, sudden large disturbances may still result in power angle instability, which can greatly increase the risk of an overarching power system break down. Therefore, the development of a safety protection system is a priority in the field of power system construction. In response to this problem, we propose a new exploratory solution strategy -Phase Sequence Exchange Technology (PSET). The PSET can be summarized as follows: when the power angle of an equivalent dual power supply system swings to a suitable angle between 90 • and 180 • , disconnect the primary side phase of the communication line by power electronic equipment and causing the swift misalignment of the connection. The A, B, C three-phase sequence then, connects to the three-phase C, A, B sequence. The PSET instantaneously realizes this change and reduces the power angle by 120 • , pulling the formerly increasing power angle back to a smaller angle and preventing the system from becoming imbalanced. In this paper, the mechanism which improves the stability of the PSET is explained by using the equal area rule. The threshold of the PSET work angle is determined by the energy function and the unbalanced potential energy in the system that can be effectively reduced by the PSET. Based on these findings, the phase trajectory method is used to determine the evaluation criteria for the PSET. This allows us to establish whether the PSET is effective by examining the state of the system after the fault is removed. Finally, an example is given in order to verify the effectiveness of the PSET and to prove that PSET is able to prevent the system from becoming imbalanced while still maintaining its structural integrity.
I. INTRODUCTION
Instability is the most significant problem affecting AC transmission systems [1] . The current expansion of the power grid and the simultaneous increase in regional interconnections has led to a range of unpredictable operating variables and complex disturbance factors within the system. These variables can influence each other, ultimately causing a power swing of the tie line and significantly increasing the transient instability of the system. These swings pose a significant threat to the safe and stable operation of the system [2] - [6] .
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The generator is the most fundamental component of any power system. After a large disturbance, the rotors of each generator oscillate relative to one another, causing the power angle to change constantly. Analyzing the trend of power angle variation in this scenario constitutes the bulk of current transient stability research [7] . Generally, if the rotor is always bounded relative to the rocking angle, the system is synchronously stable; conversely, if the relative angle between the rotors eventually increases, the system will lose synchronization stability [8] - [12] . In terms of transient power angle instability, the issue of how to implement control measures that will help restore system restore stability remains an urgent and unresolved issue.
Relevant potential solutions to the transient stability problem can be divided into two categories: firstly, primary system means and, secondly, the secondary system means [13] . The primary system means generally consist of increasing grid structure and adding series capacitor compensation in order to reduce the electrical distance between the sending end and the receiving end. This can be achieved by using a DC power transmission scheme, and installing a static reactive power compensation device in order to support the voltage [14] , [15] . However, these measures often need to be completed in the initial stages of power grid planning and construction, and are frequently limited by funds, policy, geography and other factors [16] - [21] . Secondary system means usually involve increasing a system's damping. This method provides damping torque in order to suppress transient instability and also includes the addition of a control device, which improves system stability [22] , [23] . The secondary system approach has significant advantages in terms of ease of implementation and economy, so these methods have become essential in the project of reducing regional transient instability [24] , [25] . The secondary means can be further divided into two categories -power supply side measures and grid side measures. The power supply side measures are controlled by generators, including power system stabilizers (PSS) and generator mechanical power input modulation, such as fast-closing valves [24] , [26] . The controlling factors of the grid side measures consist of equipment within the network, including the transformer's neutral point via low resistance grounding, the FACTS component, high voltage direct current transmission and the energy storage system (Energy Storage Devices) [27] , [28] .
During the Conference International des Grands Reseaux Electrique, it was concluded that implementing these measures would also include cutting, load shedding, low frequency load shedding, and out-of-step disengagement. The common goal of these measures is to help restore a system's stability via emergency controls that disrupt the integrity of the grid [29] . Restoring the stable operation of the system by destroying the integrity of the power grid is a measure that should only be taken as a last resort [30] . A superior option would be a control measure that can not only maintain the integrity of the power grid structure, but also calm the oscillation of the system. In view of this objective, we propose a new stable control measure -''phase sequence exchange technology'' or PSET.
PSET can be summarized as follows: when the power angle of the equivalent dual power supply system swings to a suitable angle between 90 • and 180 • , disconnect the primary side phase of the communication line by power electronic equipment, causing the swift misalignment of the connection. The A, B, C three-phase sequence then connects to the threephase C, A, B sequence. The PSET realizes the instantaneous change and reduces the power angle by 120 • , pulling the initially expanding power angle back to a reduced state, thereby restraining the system from falling out-of-step. Based on the equal-area criterion, PSET reduces the power angle and increases the generator's output of electromagnetic power, thereby expanding the deceleration area and improving the overall stability of the system.
The main objectives of this paper are as follows: 1. We propose a new stability control measure, which can restrain the system from falling out-of-step while maintaining the structural integrity of the power grid; 2. We explain the mechanism of the PSET used to improve the stability of the system and determine the behavioral criteria of the PSET;
3. We establish a criterion for judging whether the PSET can be effective; 4. We provide an example to verify the effectiveness of the PSET, and to prove that it is able to restrain the system from experiencing an out-of-step condition while still maintaining the overall structural integrity of the system. The chapters of this paper are arranged as follows: Section II introduces the basic principles of the commutation sequence technique, and uses the equal area rule and the transient energy function to explain the mechanism used for improving the system's stability via phase sequence exchange technology; in Section III, the criteria of the PSET is validated; Section IV verifies the effectiveness of the commutation sequence technique by actual system simulation; our concluding remarks are provided in Section V.
II. THE BASIC PRINCIPLES OF PHASE SEQUENCE EXCHANGE TECHNOLOGY

A. MODEL
In this section, the influence of phase sequence exchange on the stability of a one-machine to infinite bus (OMIB) system is analyzed on the basis of the equal area criterion and the transient energy function.
The OMIB system is shown in Fig. 1 : A major feature in traditional methods of analysis is the simplified, or classical, model of the generator. Here, the machine is modelled by an equivalent voltage source behind an impedance. The assumptions behind the model are as follows:
1. Voltage regulators are not present and manual excitation is used. This implies that in a steady-state, the magnitude of the voltage source is determined by the field current, which is constant. 2. Flux decay in the field circuit is neglected (This is valid for a very short period, say one second, following a disturbance, as the field time constant is of the order of several seconds). 3. The mechanical power input to the generator is constant [31] . In this work, the dynamics of OMIB are modeled by the swing equation
where the rotor angle δ represents the angle by whichĖ leadṡ U . M is the inertia constant, P m is the mechanical power input, P e is the electrical power output, D is the damping coefficient, and ω is the speed deviation. The reactance betweenĖ and the infinite system is:
The generator's electrical power P e is:
As seen in Fig. 2 , the steady-state power angle is δ = δ 0 and the electrical power is P (1) e .When t = t 0 , a three-phase fault occurred on one of the lines, and the electrical power changed to P (2) e . In this stage, the generator accelerates and the power angle δ increases until the fault line is removed and the electromagnetic power changes to P (3) e . In Fig. 2 , δ s is the stable equilibrium point after the removal of the fault, and δ s is the unstable equilibrium point.
The acceleration area is:
And the deceleration area is:
If S A > S B , the system will experience a loss of synchronism [32] .
B. FUNDAMENTALS OF PHASE SEQUENCE EXCHANGE TECHNOLOGY
With regards to the above-mentioned generator acceleration and instability scenario, when the system is out-of-step and the power angle has swung to a certain angle between 90 • -180 • , the phase sequence exchanging operation can be used to restrain the system from entering an out-of-step condition. The power angle threshold of the PSET is set to δ m . When the system is out-of-step and the power angle swings to δ m , using power electronic equipment quickly misaligns the connection by disconnecting the primary side phase of the contact line. The A, B, C three-phase sequence then connects to the threephase C, A, B sequence, instantaneously reducing the angle by 120 • and thus restraining system from entering an outof-step condition. The power angle vector diagram is shown in Fig. 3 :
We now examine the phase sequence exchange when δ = δ m . Take phase A, where the power angle, δ A , before the phase sequence exchange is the angle between phasorĖ A andU a . After the phase sequence exchange, the power angle δ A is the angle between the phasorĖ B (changed toĖ A after the phase sequence exchange) andU a . The vector diagram of phase A and the phase sequence connection diagram are shown in Fig. 4 , where it can be seen that the phase sequence exchange reduces the power angle of the system by 120 • :
C. THE POWER ANGLE THRESHOLD OF PHASE SEQUENCE EXCHANGE TECHNOLOGY
For the swing equation (1), the unbalanced kinetic energy of the system after the fault line resection can be expressed as.
Unbalanced potential energy of the system.
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The phase sequence exchange reduces the power angle of the system by 120 • , but does not directly change the speed of the generator. Therefore, the PSET only changes the potential energy of the system but does not change the kinetic energy of the system. If δ s is selected as a potential reference point, there is V p | δ=δ s = 0 [33] . Therefore, if the power angle threshold of the PSET is set to δ m = δ+120 • , the power angle of the system after the phase sequence exchange is changed to δ s once more, which has the ability to eliminate all the unbalanced potential energy in the system.
In Fig. 5 , the phase sequence is exchanged at the power angle δ m = δ + 120 • , so that the work angle decreases from 120 • instantly and the system's work angle becomes δ s . The electrical power output increases instantaneously, and the system re-enters the entire deceleration area, S D , thus increasing the stability of the system. Therefore, the power angle threshold of PSET is set to δ m = δ + 120 • .
III. EFFECTIVE CRITERION OF PHASE SEQUENCE EXCHANGE TECHNOLOGY A. EFFECTIVE CONDITION
Here we examine the analysis in the previous section. In Fig. 5 , the phase sequence is exchanged at the power angle of δ m = δ + 120 • , and the system re-enters the entire deceleration area, S D , thus increasing the stability of the system. In this scenario there are three potential situations:
Firstly, if S B + S D ≥ S A + S C then the deceleration area of the system is greater than the acceleration area after the phase sequence exchange, and the system can resume synchronization.
Secondly, if S B + S D < S A + S C but S D > S C , the deceleration area of the system is still less than the acceleration area after the phase sequence exchange. However, the phase sequence exchange causes the system to enter the deceleration area again larger than the acceleration area. Therefore, after several phase sequence exchanges, the deceleration area of the system will eventually be greater than the acceleration area, and the system can resume synchronization.
Thirdly, if S D < S C , the phase sequence exchange makes the deceleration area smaller than the acceleration area, meaning that the phase sequence exchange is not conducive to stabilizing of the system. In this case, the commutation sequence operation has no effect. In this section, the effect of system damping is further considered, and we use the phase trajectory diagram and the rotor swing equation to calculate effective conditions for the commutation sequence.
In Fig. 6 , the blue dotted line demarcates the stability domain of the system, and the red solid line is the fault trajectory and rotor trajectory of the system. The E-D segment corresponds to the system experiencing the acceleration area S A , the fault is cut off at point D, the D-C segment corresponds to the deceleration area S B , the power angle at point C is δ s , the C-B segment corresponds to the acceleration area S C , the B point power angle is δ s + 120 • , and the F phase is reached after the phase sequence exchange. If point F is in the stable domain of the system, the system can be pulled back to synchronization. Point A is obtained by extending the rotor trajectory to δ s after the removal of the fault.
If the power angle of the system returns to δ s after the phase sequence exchange, and if the speed is lower than the speed before the phase sequence exchange, as shown in Fig. 6 (a) , the phase sequence exchange will reduce the speed deviation of the system, meaning that the phase sequence exchange is effectively improving the stability of the system.
If the power angle of the system returns to δ s after the phase sequence exchange, and if the speed is greater than the speed prior to the phase sequence exchange, as shown in Fig. 6 (b) , the phase sequence exchange is increasing the speed deviation of the system and therefore is not improving the stability of the system. That is to say, the effective conditions for the use of PSET is ω A > ω B .
B. EFFECTIVE CRITERION
When ω A > ω B on the same rotor trajectory, the phase sequence exchange is effectively able to improve the stability of the system. For the swing equation:
VOLUME 7, 2019 The equation has a unique solution so long as the system parameters are determined and the initial values are given [34] . Substituting δ = δ S and δ = δ m into the rotor sway equation, means that ω A , ω B can be obtained numerically. When the system parameters (M , D, P M , P E ) change, the solution of ω A , ω B will also change. For any set of M , D, P M , P E , there is only one set of ω A , ω B that corresponds. Suppose their correspondence is as follows.
The system loses synchronization when the power angle reaches δ B , therefore ω B = 0. Divide (7) by (8) .
That is, the effective conditions for the PSET is
Consider the actual situation of the system operation, we set M ∈ [6, 8] , D ∈ [0, 2], P e ∈ [1.8, 2.1], P m ∈ [1.4, 1.6], and the unit is the standard value. Within this range, two thousand sets of data are randomly generated using the Monte Carlo method, and ω A , ω B corresponding to each set of data is obtained by using the improved Euler method. The obtained data is a 2000×6 matrix as follows:
To obtain the analytical expression of equation (10), regression analysis is required for M , D, P M and P E . The results of regression analysis for M , D, P M , P M P E and M , D, P M P E , P M are as follows.
In the table, t is the significant test value, Sig is the significance, and ω A ω B is the dependent variable. When the absolute value of the standard coefficient of the independent variable is less than 0.3, its influence on the dependent variable can be ignored.
The inertia constant, M , of the generator is its inherent property, and the main reason for the system's instability of is the external unbalanced power. It can be seen from our analysis results that the correlation between ω A ω B and M is insignificant, so the influence of M on ω A ω B is ignored. The correlation between electromagnetic power P E and mechanical power P M on ω A ω B is far less than that between P M P E and ω A ω B . Therefore, in order to simplify the subsequent analysis, P E , P M can be converted into P M P E for analysis and calculation purposes. The correlation between D and ω A ω B of system damping is obvious and should be included in the scope of subsequent analysis.
After correlation analysis, M is screened out, P E and P M is simplified to P M P E for analysis, and the data matrix A is changed into:
. . .
Equation (10) changes to f D, P M P E > 1, and f D, P M P E = 1 is the critical operating conditions for phase sequence exchange.
Take P M P E as the x-axis, D as the y-axis, and ω A ω B as the z-axis. Use z = 1 plane to cut the surface as shown in Fig. 7 :
The intersection of the z = 1 plane and the 3D surface is projected onto the x-y plane, as shown in Fig. 8 :
The projection of the intersection line is f D, P M P E = 1, which is the effective boundary. Let P M P E be the independent variable x and D be the dependent variable y, and fit the intersection projection. The fitting results are as follows:
Where F is the significant test value, C is the constant term, b 1 is the coefficient of the first order, b 2 is the coefficient of the quadratic term. The fitting of quadratic function R 2 is closest to 1, so the result is the best [35] . The approximate analytical expression of f D, P M P E = 1 is: Equation (13) is the effective criterion of phase sequence exchange technology, that is.
where δ s = arcsin P M P E , so effective criterion can also be. (15) where δ s is the stable equilibrium point after fault removal, and D is the damping coefficient. After the fault is removed, the parameters of the system conform to the Equation (15), and the phase-shifting technique is shown to be effective.
IV. A TUTORIAL EXAMPLE A. POWER SYSTEM MODEL
This section uses Simulink to build a simulation model to verify the effectiveness of the commutation sequence technique.
We use the OMIB model as shown in Fig. 9 . The other parameters are set as follows: Generator damping coefficient D = 0.8. Generator stator resistance r G = 0.03pu. Leakage resistance of transformer r T = 0.014pu. Line resistance r l = 0.042 /km. Ground capacitance C l = 1.126 * 10 −10 F/km, where ''pu'' stands for perunit.
B. SIMULATION ANALYSIS
When the system is steady, the double-circuit lines run parallel. The line is disconnected at t = 1s. The power In a running operation with double-circuit lines, the power angle of the stable equilibrium point is δ 0 = 37.96 • . After disconnecting a line, the output electrical power of the system is reduced. After a period of oscillation, the system reaches a stable state at the new stable equilibrium point, and the power angle is stabilized at δ s = 52.45 • .
If a three-phase short-circuit fault occurs at the beginning of a line at t = 1s the fault line is cut off at t = 1.2s and t = 1.5s. The power angle curve, the output electrical power curve, the corresponding power-angle curve and δ − ω trajectory at the two cut-off times are shown below.
For Fig. 11 , the fault line was cut off at t = 1.2s. After a small oscillation, the system quickly transitioned to a new stable equilibrium point and was basically stable at t = 4s.
For Fig. 12 , the fault line was cut off at t = 1.5s. Due to the late removal of the fault, in Fig. 12(c) , the acceleration area of the system is greater than the deceleration area, and the system experiences a loss of synchronism.
According to the third section, the system parameters meet the effective criterion of the PSET. For the case of a VOLUME 7, 2019 1.5 second resection fault, the PSET in this paper is used to suppress the system entering an out-of-step condition. In this simulation, using the circuit breaker to realize the PSET. The stable equilibrium point after fault removal is δ s = 52.45 • , therefore, the power angle threshold of PSET is set to δ s + 120 • that is δ m = 172.45 • . When the system is out-of-step and the power angle swings to 172.45 • the phase sequence exchange occurs. The power angle curve and the output electrical power curve after the phase sequence exchange are shown in Figs. 13(a) and (b) , the corresponding δ − ω trajectory is shown in Figs. 13 (c) . Fig. 13(a) shows the phase sequence exchange causing the work angle to instantaneously decrease by 120 • , from 172.45 • to 52.45 • . The system then oscillates into a stable state after about 2 seconds. Fig. 13(b) illustrates how the originally reduced electromagnetic power increases once again, expanding the deceleration area of the system and suppressing system out-of-step. Fig. 13 (c) depicts how, after the fault is removed, the power angle continuously increases. After the system enters the deceleration area the speed drops, the phase sequence exchange reduces the power angle of the system by 120 • , and the system stabilizes at a new stable equilibrium point after several oscillations.
In summary, the PSET prevents the system from entering an out-of-step condition and provides new leads in the search for a solution for transient instability problem.
V. CONCLUSION
This paper proposes a new stable control measure -''phase sequence exchange technology'' or PSET. PSET has the ability to restrain a system from becoming out-of-step while still maintaining the structural integrity of the power grid. This paper explains the mechanism of the phase-shifting technique that is used to improve the stability of the system, as well as determining evaluation criteria for PSET. The effective criteria for PSET is based on the system's parameters after fault resection is given. Finally, our simulation results demonstrate the effectiveness PSET.
PSET has great potential but still needs to be further explored. Future work will focus on calculating the impact of phase sequence exchanges on the system, as well as broadening the use of PSET scenarios in order to promote the application of PSET across a variety of complex systems.
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